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I. I n t r o d u c t i o n  

Subsequent t o  t h e  work completed s e v e r a l  months ago on s o l a r  Brayton/ 

Rankine power systems w i t h  thermal energy s t o r a g e  [1 ,2 ] ,  some follow-up work 

w a s  conducted. 

s c a l e  t es t  of one h e a t  s t o r a g e / h e a t i n g  tube f o r  t h e  Brayton system. 

This  w a s  aimed a t  determining t h e  requirements  f o r  a l a b  

I n  t h e  cour se  of t h i s  i n v e s t i g a t i o n  a wider range of sou rces  than  o r i g i -  

n a l l y  used were consul ted on t h e  quest ion of c o n t a i n a b i l i t y  of t h e  p o s t u l a t e d  

molten s i l i c o n  h e a t  s t o r a g e  material i n  s i l i c o n  ca rb ide .  The consensus 

of opinion w a s  t h a t  such containment was n o t  p o s s i b l e ,  t h a t ,  indeed, t h e  

containment of molten s i l i c o n  f o r  t h e  t i m e  r equ i r ed  by t h e  power system w a s  

unacheivable  w i t h  any known material. 

ago a t  a General Electric r e s e a r c h  f a c i l i t y  had shown t h a t  t h e  s u r v i v a l  

t i m e  of s i l i c o n  c a r b i d e  holding molten s i l i c o n  w a s  on t h e  o r d e r  of days.[3]  

An experiment conducted several y e a r s  

With t h i s  development w e  r e t u r n e d  t o  ou r  ear l ie r  compilat ion of 

heat-of-fusion v e r s u s  melt ing temperature t o  i n v e s t i g a t e  a l t e r n a t i v e  h e a t  

s t o r a g e  materials. 

1536°K and h e a t  of fus ion  about h a l f  t h a t  of s i l i c o n ,  w a s  chosen as t h e  b e s t  

a l t e r n a t i v e .  Beryll ium has a h ighe r  heat-of-fusion (at  about t h e  s a m e  

mel t ing temperature)  as MgF,, but  was judged t o  p re sen t  t oo  many problems 

of t o x i c i t y  f o r  t h e  experimentat ion being considered.  

A s  a r e s u l t ,  MgF,, wi th  a melt ing temperature  of 

The e l i m i n a t i o n  of s i l i c o n  as a heat s t o r a g e  material a l s o  l e d  t o  t h e  

r e e v a l u a t i o n  of t h e  b a s i c  power system design.  

t h e  use of t h e  benign H e / X e  gas ,  t h e r e  w a s  no reason t o  l i m i t  t h e  peak gas 

temperature du r ing  s o l a r  i n f l u x  t o  t h a t  of t h e  MgF, s t o r a g e  material  - 

o r  e v e n t h a t  of t h e  s i l i c o n  i f  i t  had been con ta inab le .  With t h e  u s e  of 

It was r e a l i z e d  t h a t  w i th  
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carbon/carbon composi tes  f o r  t h e  tu rb ines ,  peak t e m p e r a t u r e t o  1900°K 

and above should be  useable .  

It was decided t o  e v a l u a t e  t h e  p o s s i b i l i t y  of a two-temperature power 

system. 

by t h e  mel t ing  tempera ture  of t h e  hea t  s to rage  material. 

shadow, the s o l a r  i n f l u x  would d i r e c t l y  h e a t  t h e  gas  i n  an  extra l eng th  of 

tub ing  beyond t h a t  conta in ing  t h e  hea t  s t o r a g e  substance.  

t h i s  s y s t e m  wi th  a cons t an t  gene ra to r  power ou tput  through each o r b i t  o r  

w i th  a lowered ou tpu t  dur ing  shadow. 

sun and shadow o u t p u t s  could be p a r t i a l l y  o r  f u l l y  made up by us ing  

b a t t e r i e s .  

During shadow pe r iods ,  the  peak gas  temperature  would b e  l i m i t e d  

When ou t  of 

One could des ign  

In the l a t t e r  case t h e  d e f i c i t  between 

11. Theore t i ca l  Formulation 

Thermodynamic 

The thermodynamic a n a l y s i s  i s  i d e n t i c a l  f o r  both the s o l a r - i n f l u x  and 

shadow pe r iods .  For t h e  Brayton cycle w i t h  r egene ra t ion  d e p i c t e d  i n  

f i g u r e  1 w e  have t h e  r e l a t i o n s  

1 T = 1 - ‘It+ [l - I 
t c s  - Y -1 

71 - 1  
C 

T = 1 +  
rlC 

C 

where ‘c 

and r l  and rl are e f f i c i e n c i e s  f o r  the  same. The q u a n t i t y  IT is  t h e  compressor 

p re s su re  r a t i o  whi le  n 

and T t C 
are t u r b i n e  and compressor temperature  r a t i o s  r e s p e c t i v e l y  

t C C 

i s  a f a c t o r  represent ing  p res su re  l o s s e s  between 
s 

equipment components of t h e  s y s t e m .  



3 

Heat Source 

Radia tor  Heat Exchanger 

4 Entropy 

Figure  1 : Brayton Cycle wi th  Regenerat ion 
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Following t h e  n o t a t i o n  of f i g u r e  1, w e  may state 

T, = T , T ~  ( 3 )  

where E and 

r a d i a t o r  heat exchanger r e spec t ive ly .  

t h e  assumption t h a t  

are t h e  e f f e c t i v e n e s s e s  of the r egene ra to r  and of t h e  
1 

The l a t t e r  express ion  depends upon 

xilc = i c  
P R PR 

where t h e  l e f t  s i d e  q u a n t i t i e s  r e f e r  t o  t h e  working gas  and those  on t h e  

r i g h t  r e f e r  t o  t h e  r a d i a t o r  f l u i d .  

The remaining temperatures  and t h e  thermodynamic e f f i c i e n c y  i n  t h e  

system (assuming t h a t  T, and T, are s p e c i f i e d )  can be expressed as 

T , = T T  

T 2  = T I  + E1(T, - T1) 

c o  

T 5  = T,, - E1(T4 - Ti )  

5 - T o  T, = T, + T 
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Radia tor  

We may equate  t h e  e lectr ical  power produced by t h e  a l t e r n a t o r  during 

t h e  shadow p o r t i o n  of t h e  o r b i t  t o  t h a t  which is  demanded from t h i s  source  

by t h e  u s e r  (PBr). This  g i v e s  t h e  quan t i ty  

. sh where m i s  g a s  f low rate dur ing  shadow per iod ,  q is  a l t e r n a t o r  e f f i c i e n c y  

(assumed t o  be  i d e n t i c a l  i n  sun and shadow) and qsh is thermodynamic system 

e f f i c i e n c y  i n  shadow. 

formula t ion  but  wi th  a r equ i r ed  a d d i t i o n a l  t e r m ,  g iv ing  

a 

t h  

During t h e  sun per iod,  w e  may produce a s i m i l a r  

where : .s m = gas  f low rate during s o l a r  i n f l u x  per iod  

Pe = electr ical  output  t o  use r  during s o l a r  f l u x  

PSh = electrical output  t o  use r  dur ing  shadow e 

t = l eng th  of shadow per iod  s h  

t l e n g t h  of sun period 

qB = b a t t e r y  e f f i c i e n c y  

S 

S nth = cyc le  thermodynamic e f f i c i e n c y  dur ing  s o l a r  f l u x .  

The a d d i t i o n a l  term i n  (11) arises from e x t r a  power t h a t  must be produced 

dur ing  t h e  sun per iod  t o  charge b a t t e r i e s .  

Consider t h e  r a d i a t o r  wi th  dimensions ind ica t ed  i n  f i g u r e  1. With a 

manifold such t h a t  t h e  coolan t  i s  d i s t r i b u t e d  evenly a long  t h e  l e n g t h  of 
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t h e  r a d i a t o r ,  w e  can equa te  n e t  power r e l e a s e d . t o  space p e r  u n i t  area a t  

a s t a t i o n  y t o  t h e  power given up by t h e  r a d i a t o r  f l u i d  a t  t h a t  s t a t i o n ,  

i.e. 

4 R dT 
& 

2 & 0 ( ~ 4  - T~~ = - 
L cPR d y  

I n  (12), E is t h e  r a d i a t o r  e m i s s i v i t y ,  0 t h e  Stefan-Boltzmann cons t an t  

and TBG an e f f e c t i v e  averaged background temperature.  

and i n t e g r a t i n g  wi th  r e s p e c t  t o  y r e s u l t s  i n  

Rearranging (12)  

Normalizing T w i t h  r e s p e c t  to T g ives  BG 

where z = T I T  

of (13)  r e s u l t s  i n  

and % i s  t h e  r a d i a t o r  a r e a .  I n t e g r a t i o n  of t h e  l e f t  s i d e  
BG 

I 

71TBG 

Dividing both s i d e s  by c y c l e  power t o  the  u s e r  and us ing  (4a) w e  have 



7 

' where t h e  d e f i n i t i o n  of $ fo l lows  by comparison wi th  (14). For t h e  sun 

and shadow pe r iods  r e s p e c t i v e l y ,  t hen ,  (15) becomes 

T, s h  T 7  s h  . sh m c  
- =  

BG 

Component masses 

The masses of t h e  system components have been found pe r  u n i t  electrical 

power t o  t h e  u s e r  dur ing  t h e  sun period. 

To f i n d  c o l l e c t o r  m a s s ,  w e  s t a r t  with a non-dimensionalized express ion  

f o r  the s o l a r  thermal  power inpu t  requirement,  

sh 'Br 

e 

t 1 

'col l  st t h  a 
- =  (7) (p' ':h 1 

sh  + 
r l n r l  S ' col l  ns t h  rl a Pe 

sh  
sh  'e 'Br t 
(-$(y - -1 (17) 

1 

'~011 t h  a B 

+ 
rls rl n S e 'e 

where f o r  c l a r i t y  common f a c t o r s  have not  been c o l l e c t e d .  

on t h e  r i g h t  i n  (17)  i s  t h a t  thermal  power a r i s i n g  from t h e  e l e c t r i c a l  

requirements  of t h e  u s e r  dur ing  t h e  solar flux per iod ,  The q u a n t i t y  11 

r e f e r s  t o  t h e  c o l l e c t o r  e f f i c i e n c y ,  which accounts  f o r  l o s s e s  from t h e  

r e c e i v e r  opening as w e l l  as f o r  those  due t o  geometric and s u r f a c e  re- 

f l e c t i v i t y  f laws i n  t h e  mi r ro r .  

input  r equ i r ed  f o r  t h e  thermal  energy s t o r a g e  system. 

The f i r s t  term 

c o l l  

The second term i n  (17)  r e f e r s  t o  thermal  

The s t o r a g e  system 
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e f f i c i e n c y  TI accounts  f o r  l o s s e s  due t o  conduction ou t  of and r a d i a t i o n  

from t h e  receiver. F i n a l l y ,  t h e  l as t  term i s  t h e  extra thermal power 

needed t o  charge b a t t e r i e s  ( i f  any) f o r  u s e  during t h e  shadow pe r iod .  

st 

The mass of t h e  s o l a r  c o l l e c t o r  (assuming an approximately f l a t  

s u r f a c e )  i s  then given by 

S 

-= M c o l l  - -  1 'th 

'e %oil s e P 

where p 

Thermal s t o r a g e  material and r e c e i v e r  mass are expressed as 

i s  t h e  c o l l e c t o r  mass p e r  u n i t  area, and S i s  t h e  s o l a r  f l u x .  c o l l  

'Br 

e 

t - MSt 1 sh (p) sh = (1 + Fst) - 
'e hsf ' s  t 'th'a 

where h is  t h e  s t o r a g e  material h e a t  of f u s i o n  and F is a f a c t o r  t o  

account f o r  t h e  r e c e i v e r .  B a t t e r y  mass is given by 

sf s t  

sh 
-- s h  'e 'Br - a  --(y--) Mbatt 

'e 'B e 'e 

t 

w i t h  a being t h e  b a t t e r y  s p e c i f i c  mass ( k g / j o u l e ) .  For t h e  r egene ra to r  

w e  have t h e  expres s ion  

B 

. 
M mc 
reg = c1 9 (T2 - TI). 'e reg e 

Note t h a t  t h e  mass is p r o p o r t i o n a l  t o  the temperature  r ise of t h e  gas 

from t h e  compressor. The q u a n t i t i e s  and (T2 - T I )  are f o r  t h e  sun o r  

shadow p e r i o d ,  depending upon which s e t  produces t h e  l a r g e r  r egene ra to r  
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mass. The q u a n t i t y  c1 i s  a mass parameter i n  kg/wat t .  Radiator  mass, 

f o r  e i t h e r  t h e  sun o r  shadow per iods  i s  g iven  by 

r eg  

AR - -  
’rad P ’e e 

Mrad - 

w i t h  ’ the mass pe r  u n i t  area. F ina l ly ,  w e  se t  a f i x e d  va lue  f o r  t h e  

r o t a t i n g  equipment mass of 

r a d  

- -  r o t  - 1.5 kg/kWe 
M 

’e 

based upon our  p a s t  work . [ l ,2 ]  

Overa l l  e f f i c i e n c y  

To provide a b a s i s  f o r  comparison of t h e  two-temperature s y s t e m  wi th  

convent iona l  devices ,  w e  d e f i n e  an  averaged system e f f i c i e n c y  as 

sh - s e  ’ + tshPe 
n =  
. ‘C S 

t sP th  

111. Sys tem Evalua t ion  

In t roduc t ion  

To minimize system c o s t  and complexity, w e  treat t h e  power system during 

shadow as an o f f  des ign  ve r s ion  of t h a t  ope ra t ing  dur ing  s o l a r  f l u x .  This  

l e a d s  t o  two important  problems: matching r a d i a t o r  a r e a  requirements  during 

sun and shadow and determining t h e  of f -des ign  performance of t h e  t u r b i n e /  

compressor during t h e  shadow period.  
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Radia tor  , 

As shown i n  equa t ions (16a ,  b) w e  may gene ra t e  s e p a r a t e l y  r a d i a t o r  

area requirements  f o r  t h e  sun and shadow pe r iods .  The most u s e f u l  way of 

cons ide r ing  t h e  problem of matching these  areas is  g raph ica l ly .  F igure  2 

sh as shows a series of curves  d e p i c t i n g  shadow pe r iod  s p e c i f i c  area A 

a f u n c t i o n  of r a d i a t o r  f l u i d  ex i t  temperature  w i t h  t u r b i n e  p r e s s u r e  r a t i o  

as t h e  parameter.  Also i n d i c a t e d  a t  s e v e r a l  p o i n t s  a long t h e  curves are 

shadow per iod  thermal  e f f i c i e n c i e s  (n:L's). 

R "Br 

Suppose t h a t  w e  have a r r i v e d  a t  a sun pe r iod  r a d i a t o r  s p e c i f i c  area 

</Pe (This having r e s u l t e d  from an  opt imiza t ion  of system mass wi th  

r e s p e c t  t o  sun pe r iod  parameters  and w i t h  an i n i t i a l  guess  of . 3  f o r  nth.) 

Using a s p e c i f i e d  va lue  f o r  P /P w e  can p l o t  t h e  area as a s t r a i g h t  l i n e  

running a c r o s s  f i g u r e  2.  I n t e r s e c t i o n s  w i t h  the curves  r e p r e s e n t  shadow 

pe r iod  ope ra t ing  cond i t ions  f o r  which sun and shadow r a d i a t o r  areas are 

equated. The p a r t i c u l a r  c o n d i t i o n  the s y s t e m  w i l l  r u n - a t  i n  t h e  shadow 

is  t o  be  s e l e c t e d  from among t h e s e  i n t e r s e c t i o n s  by t h e  ope ra t ing  charac- 

t e r i s t ics  of t h e  turbomachinery. 

s h  

e B r  

Turbine/Compressor 

Once a match has  been made o f  r a d i a t o r  areas, w e  t u r n  our  a t t e n t i o n  

t o  t h e  turbomachinery. For the present  w e  assume t h a t  t h e  t u r b i n e  o p e r a t e s  

a t  choked flow cond i t ions  dur ing  both  sun and shadow and cons ider  of f -des ign  

ope ra t ion  f o r  t h e  compressor only.  We assume t h e  use  of c e n t r i f u g a l  com- 

p r e s s o r s  and tu rb ines .  

Figure 3 shows t h e  performance map f o r  a t y p i c a l  compressor of t h i s  

type  ope ra t ing  i n  a i r .  ( I t  i s  r e a l i z e d  t h a t  t h e  curve shape w i l l  d i f f e r  
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With r egene ra t ion  

-6 4 With no r egene ra t ion  

1 

I 
I I I I I I I I I I I I I I 

300 320 340 360 380 400 420 440 460 1 480 i 

Radiator  F lu id  Exit  Temperature, T, ( O K )  

F igure  2 :  Shadow Per iod  Spec i f i c  Area versus  Radiator  F lu id  

Ex i t  Temperature wi th  Shadow Compressor Rat io  
(n  sh ) as Parameter 

C 
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9 -  

e -  

7 -  

6 -  

s -  

4 -  

3 -  

2 -  

I 

NPT 'MI COMPREZSOR 
BUILD I - 1979 

100 

AT INLET OF RADIAL INTAKE DUCT 

/ /  

MASS FLOW 1,95 KC/S 
ROTATIONAL SWED 5 0 0 0 0  RPM 

CORRECTED SPEED. O h )  

1 .. 1 

Ql 9 2  0 3  3.4 0,s 0.6 0.7 0,B 0.9 1.0 

ISENTRCPIC 
E* I C  1 WCY 

CORRECTED RON I REFEREKE FLOW. 

Figure 3: Example of Compressor Performance Map [ 4 ]  
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somewhat f o r  a nob le  gas ,  bu t  t h e  main t r e n d s  and r e l a t ive  p o s i t i o n s  

of important  p o i n t s  are expected t o  be s imilar . )  To u s e  t h i s ,  we  would 

draw a l i n e  a c r o s s  t h e  diagram a t  t h e  nominal (sun pe r iod )  compressor 

r a t i o .  The i n t e r s e c t i o n  of t h i s  l i n e  with t h e  locus  of maximum compressor 

e f f i c i e n c i e s  would then  determine t h e  co r rec t ed  speed and ( co r rec t ed  f low)/  

( r e f e r e n c e  flow) f o r  t h e  compressor a t  i ts  des ign  cond i t ion .  

We make t h e  a p r i o r i  assumption of an  85% compressor design p o i n t  

e f f i c i e n c y .  With s c a l i n g  of t h e  map i n  f i g u r e  3 i n  t h e  p ropor t ion  of 

assumed t o  map-given nominal e f f i c i e n c y ,  w e  can g e t  an i d e a  of what happens 

a t  an  off-design (shadow o p e r a t i o n s )  point .  

We start  w i t h  t h e  s p e c i f i c a t i o n  t h a t  a l t e r n a t o r  speed must remain 

a t  t h e  same l e v e l  du r ing  sun and shadow pe r iods  in o r d e r  t o  prevent  

problems w i t h  AC l oads .  For each of  t h e  i n t e r s e c t i o n  p o i n t s  on t h e  

r a d i a t o r  area graph desc r ibed  above, two corresponding p o i n t s  may b e  

p l o t t e d  i n  f i g u r e  3. 

f o r  c o r r e c t e d  flow. Where t h e  l i n e s  f o r  t h e s e  q u a n t i t i e s  i n t e r s e c t  d e t e r -  

mines t h e  o f f  -design o p e r a t i n g  p o i n t  of t h e  compressor. 

One of t h e s e  p o i n t s  i s  f o r  c o r r e c t e d  speed, t h e  o t h e r  

The d e f i n i t i o n s  of c o r r e c t e d  speed and c o r r e c t e d  flow (using t h e  

n o t a t i o n  of f i g u r e  1) are given r e s p e c t i v e l y  by 

w c o r r e c t e d  speed = - 
%- 
liiq 

c o r r e c t e d  flow = - 
Po 
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where w is  t h e  r o t a t i o n  rate. With t h e  c o n s t a n t  w cond i t ion  w e  o b t a i n  

f o r  a r a d i a t i o n  area i n t e r s e c t i o n  po in t ,  

( co r rec t ed  speed) o f f  - - ( c o r r  . speed) de,r: -- /If Oldesign ( 2 6 )  
\lO)Off >J.&;rl Y 

des ign  des ign  

S i m i l a r l y  f o r  c o r r e c t e d  f low ( a c t u a l l y  ( co r rec t ed  f low) / ( r e fe rence  flow) f o r  

t h e  compressor),  w e  o b t a i n  t h e  off-design express ion .  

o f f  des ign  Iil 

( co r rec t ed  flow) = ( co r r .  flow) 

des ign  
o f f  ‘design des ign  

des ign  

The choked t u r b i n e  assumption can be  s t a t e d  f o r  f i x e d  geometry as 
~ 

., 
des ign  

and w e  have by d e f i n i t i o n  tha t  

TT 
(4 3 

(Po)design - P 
- 

(p  0)Of f k ’ d e s i g n  C P, o f f  des ign  

design 

I combining t h e  las t  two equa t ions  t o  s u b s t i t u t e  f o r  (P 0 ) design/(PO)off des ign  

~ g ives  

( co r rec t ed  f low) = ( c o r r  . flow) /(z;(:;;ig,n 
des ign  

o f f  des ign  
des ign  
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For off-design p o i n t s  t h a t  f a l l  s u b s t a n t i a l l y  o u t  of t h e  area of t h e  

compressor map i n  t h e  f i g u r e ,  w e  may estimate t h e  compressor e f f i c i e n c y  by 

an approximate form of Eu le r ' s  equat ion:  

- Y-1 

C 

( co r rec t ed  speed) qC 

This  must be  m u l t i p l i e d  by t h e  map sca l ing  r a t i o  c i t e d  be fo re  t o  ge t  t h e  

estimate f o r  t h e  H e / X e  compressor. 

Summary of Ca lcu la t ion  Procedure 

S t a r t i n g  wi th  an assumption of shadow per iod  thermal  e f f i c i e n c y  of 

30%, w e  match r a d i a t o r  areas us ing  f i g u r e  2 ,  whose curves  were generated 

wi th  an  assumed qSh = .85. 

cor rec t ed  speed and flow on f i g u r e  3 .  The i n t e r s e c t i o n  of t h e s e  curves,  

us ing  t h e  e s t ima t ion  and s c a l i n g  r u l e s  d iscussed  above, g ives  a r ev i sed  

sh va lue  of q . The matched r a d i a t o r  a r eas  f o r  t h i s  i n t e r s e c t i o n  g i v e s  a 

The l a t t e r  quan t i ty  may be used f o r  an estiamte rev i sed  va lue  of q 

of system mass. 

With i n t e r s e c t i o n s  from f i g u r e  2 ,  w e  p l o t  
C 

C 
sh 
t h  

To improve t h e  m a s s  estimate w e  use the r e v i s e d  qsh t o  gene ra t e  
C 

( i m p l i c i t l y  i f  no t  e x p l i c i t l y )  n e w  values f o r  t h e  curves  of f i g u r e  2.  

r a d i a t o r  area matchings may t h e  nbe made and aga in  w e  can f i n d  t h e  off-design 

New 

po in t  u s ing  f i g u r e  3.  

qzh from t h e  f i r s t  r e v i s i o n .  We may repeat  t h e  process  as long as  t h e  

compressor graph accuracy permits .  

We now revise t h e  system mass us ing  t h e  va lue  of 



Basel ined Parameters  

Basel ined v a l u e s  f o r  t h e  parameters used are l i s t e d  i n  t a b l e  1. These 

- 

are based upon t h e  work of r e fe rences  one and two and t h e  g e n e r a l  turbo- 

machinery l i t e r a t u r e .  From a r econs ide ra t ion  of numbers i n  r e f e r e n c e  1, 

t h e  va lue  of F was dropped from 1 . 2  used i n  r e f e r e n c e  2 t o  1 .0 .  st 

Table 1: Basel ined Parameters for System Evaluat ion 

TS = 1900"k, T s h  = 1500°k, T s  = 350'k 
3 

El = E p  = .9 

T~~ 

t s 3  
= 250"k, E = .75 - - - - , s = 1400W/m2 

tsh 

h = 9.4357 x 1o5J/kg ( f o r  MgF,) 
fg 

Fst = 1.0 

.(. . . . . . . . .: , :...:, .*._._#.I * . .  . .  - - :.. .:.. . ' . ,.. 



R e s u l t s  of I n v e s t i g a t i o n  

So f a r  t h e  o p t i m i z a t i o n  t h a t  has  been considered is  one w i t h  r e s p e c t  

t o  sun time p r e s s u r e  r a t i o ,  w i t h  no b a t t e r i e s  and a c o n s t a n t  power o u t p u t  

= PBr/Pe = 1). s h  ( i . e .  Pe /Pe 

F igu re  4 shows a comparison of system masses as a f u n c t i o n  of compressor 

p r e s s u r e  r a t i o  between f i r s t  e s t i m a t e s  (with qsh = . 8 5 )  and e s t i m a t e s  w i t h  

r e v i s e d  qsh's.  

t h e  d i f f e r e n c e  i s  n o t  l a r g e .  The lowest mass system s t i l l  occur s  a t  about  

TT = 4 .  For both t h e  c o r r e c t e d  and uncorrected systems,  t h e  r e g e n e r a t o r  

mass f o r  shadow o p e r a t i o n s  i s  l a r g e r  t han  t h a t  f o r  sun f o r  T = 3 ,  4 and 5 .  

This  on ly  means t h a t  t h e  real r e g e n e r a t o r  e f f e c t i v e n s s s  i s  a c t u a l l y  

somewhat l a r g e r  t h a n  .9 f o r  t h e  sun p e r i o d .  

C 

While t h e  r e v i s e d  e s t k t e s  produce h i g h e r  system masses, 
C 

C 
S 

C 

Design and o f f -des ign  p o i n t s  on t h e  compressor map are shown i n  

S f i g u r e  5 f o r  t h e  rC 

r e v i s e d ,  s c a l e d  qsh of .823. 

compressor is hugging t h e  h i g h  e f f i c i e n c y  range. 

qzh w a s  found f o r  T = 3 and a s l i g h t l y  worse one a t  7~ 

= 4 c o n d i t i o n .  The off-design p o i n t  w a s  found w i t h  a 

Note that a t  off-design c o n d i t i o n s ,  t h e  
C 

A s l i g h t l y  b e t t e r  r e v i s e d  

S S = 5 .  
C C 

In f i g u r e  6 w e  compare t h e  two-temperature c y c l e  r e s u l t s  ( w i t h  

s h  r e v i s e d  q ) t o  t h o s e  f o r  a one temperature  (1650'k) system u s i n g  s i l i c o n  

h e a t  s t o r a g e .  We a l s o  i n c l u d e  t h e  o v e r a l l  c y c l e  e f f i c i e n c y  f o r  each. 

A t  low v a l u e s  of p r e s s u r e  r a t i o ,  c y c l e  e f f i c i e n c y - i s  h i g h  i n  bo th  systems,  

due t o  t h e  l a r g e  c o n t r i b u t i o n  of t h e  r egene ra to r .  

r e l a t i v e l y  l a r g e  r e g e n e r a t o r  mass. 

system mass though t h e  c y c l e  e f f i c i e n c y  i s  going down, because t h e  re- 

g e n e r a t o r  i s  going down i n  mass. 

C 

C 

T h i s  carries w i t h  i t  a 

Inc reas ing  p r e s s u r e  r a t i o  d rops  t h e  



sh  With q c o r r e c t i o n  

sh 
C 

++k Without q c o r r e c t i o n  
C 

I I I I 1 
3 4 5 6 7 

S 
C 

Compressor P res su re  r a t i o  i n  Sun (T ) 

Figure  4 :  System Mass with MgF2 Storage vs.  
Compressor Pressure  Rat io  i n  Sun 

- . . __._.. . _ . .  . . .. 
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AS p r e s s u r e  r a t i o  c o n t i n u e s  t o  i n c r e a s e ,  t h e  r e d u c t i o n  i n  '1, causes  

system mass t o  a g a i n  i n c r e a s e .  In b o t h  systems t h i s  i s  due t o  a n  i n c r e a s e  

in s t o r a g e  and c o l l e c t o r  requirements  as  shadow-period e f f i c i e n c y  i s  going 

down, The p r e s s u r e  r a t i o  i n  shadow f o r  t h e  two t empera tu re  system goes up 

as IT does. . s  
C 

A comparison of t h e  approximate optima i n d i c a t e d  i n  f i g u r e  6 is g iven  

i n  Tables  2a,  b. The o r d e r  of t h e  columns i n  Table  2a arises from t h e  

d e s i g n  sequence: s e l e c t i n g  peak temperature ,  p r e s s u r e  r a t i o  and r a d i a t o r  

e x i t  t empera tu re  i n  sun (T3,  IT 

match r a d i a t o r  area i n  shadow by v a r y i n g  rSh and T, . 
The bottom r a d i a t o r  t empera tu re  i n  sun i s  300"k, which a r o s e  from 

S s s  T, r e s p e c t i v e l y )  t hen  a t t e m p t i n g  t o  

s h  
c '  

C 

t h e  need t o  f i n d  a s u f f i c i e n t  range of  IT:^ v a l u e s  f o r  which t h e  r a d i a t o r  

areas i n  sun and shadow can be matched so t h a t  an i n t e r s e c t i o n  of 

c o r r e c t e d  f low and c o r r e c t e d  speed would occur on the compressor map. 

T h i s  low t empera tu re  should n o t  pose a problem if a p rope r  mix tu re  of 

N a  and K is used f o r  t h e  r a d i a t o r  f l u i d  (as shown in  r e f e r e n c e  2)  as 

long as t h e  background t empera tu re  is a t  or  above t h e  250"k ave rage  

assumed. However, since t h i s  is an average, t h e r e  is a chance of f r e e z i n g  

of t h e  r a d i a t o r  f l u i d ,  p a r t i c u l a r l y  du r ing  t h e  shadow p o r t i o n  of t h e  

o r b i t .  

f l u i d  in t h e  low t empera tu re  p a r t  of t h e  r a d i a t o r .  

A way of avo id ing  t h i s  problem would b e  t o  u s e  some o t h e r  

The shade  p e r i o d  r a d i a t o r  bottom temperature  is  h i g h e r  t h a n  that dur ing  

From a n o t h e r  p o i n t  of view w e  can s a y  t h a t  a t  t h e  o f f -des ign  t h e  sun. 

p o i n t  w e  have a l e s s - e f f i c i e n t  system than  du r ing  sun. That would l e a d  

t o  a l a r g e r  r a d i a t o r  area u n l e s s  w e  drop t h e  sun p e r i o d  bottom r a d i a t o r  

I t empera tu re  t o  compensate. 



m m 
rl 
m 

m Ti U ' U  

m 
0 
m m 

m 
m 

m 
U q 
r n  

N 
Frc 

9 

m 
d 
d 
m 

co 
m 
m 
U 

m 
m co 
\D 

co 
N 
m 
h 

\D 

m m m 
rl 

07 
N 
m 
N 

co 
0 
h 

m 
m 
U 
m 

N 
m 
m 

- 
. 

- 

m 
0 
.d 

3 
a, 
k 

cn 
a, 
& 
PI 

b 
0 
m 
m 
al 
Fc a 

V 
a 
9 
& 
9) 
PI 

2 

-7. 

s 
rn 

E s 
E 

-rl 
JJ 
PI 
0 

U 
(d 

do 
m 
.d 
v a a 

V 
m 
cn s! 
P 
N 

aJ 
rl 
P 
(d 
H 

I-- m 
N 
m 

m 
rl 

m 
N 
N 

m 

N 
(? 
\D 

U 

m 
4 

m 
N 

m 
d 

I- 
m 
rl 

U 

N 
m 
m 
N 

rl 
m 
rl 

I- - 
I- 
N 
0 

03 - 
.ri 
rn 



23 

The main d i f f e r e n c e  between t h e  systems i s  i n  h e a t  s t o r a g e ,  w i th  about 

tw ice  t h e  mass r e q u i r e d  f o r  t h e  MgF, system. 

d i f f e r e n t  h e a t s  of f u s i o n ,  w i t h  a smaller e f f e c t  from t h e  d i f f e r e n t  shadow 

period cycle e f f i c i e n c i e s .  

A t  t h e  same t i m e ,  t h e r e  is  a s l i g h t l y  larger c o l l e c t o r  mass f o r  t h e  

sys tem us ing  S i  s t o r a g e ,  which may be a t t r i b u t e d  t o  t h e  s l i g h t l y  smaller 

v a l u e  of 6 . 

This  mainly arises from t h e  

C 
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